Introduction
Overhead contact lines (OCL) are one of the most important equipment of an electric railway. Due to absence of redundancy, the accident occurring at the contact area between OCL and pantograph results in long operational down-times. Preventing such damage and accidents consume large amounts of manpower for OCL maintenance. At the same time, given Japan's ageing society, there is an urgent need to reduce labor-intensive maintenance. Consequently a large amount of research has been conducted to effectively use data collected by inspection vehicles for facilitate maintenance [1, 2, 3] . Condition Based Maintenance methods have been also studied [4] .
Construction tolerances and limits for OCL (i.e. contact wire height, gradient, deviation and overlap configuration, and so on) are specified for static geometry. These tolerances and limits are checked by maintenance personnel. Maintenance would be made easier therefore if it were possible to verify this static geometry from the inspection vehicles. This created the need for a method which can evaluate the static geometry of OCL.
Current inspection cars however measure pantograph height and not the static contact wire height, and the pantograph height is not consistent with the static contact wire height since the pantograph height includes dynamic uplift of the contact wire. Stereo image processing techniques show promise for static geometry measurement, but it is hard to apply for on-board measurement at high speed. This paper proposes two methods to estimate the static contact wire height from the data measured by inspection cars, using a relatively simple approach. It also presents results from verifications of the proposed method through simulation, experiments and line tests.
Estimation method of static height of contact wire
This chapter introduces two methods to estimate the static contact wire height. One method is called the equivalent stiffness method, and the other is called the transfer function method.
Equivalent stiffness method
Contact wires subject to contact forces behave similarly to a spring. In this section the quotient of the contact force acting on the contact wire and the vertical displacement of the contact wire at the force acting point is defined as the equivalent stiffness of the contact lines. When a pantograph moves at 270 km/h under a compound catenary, the equivalent stiffness at the force acting point is calculated as shown in Fig. 1 . This figure shows simulation results described later in Chapter 3, where the points 0, 50 and 100 m on the x-axis are the support points of the catenary. The result for equivalent stiffness re-sampled at 7.5 m intervals is indicated with red lines. The tensions of the respective wires of the contact line used in this simulation are shown in Table 1 . Figure 1 indicates that the fluctuation of the equivalent stiffness sampled at intervals longer than the hanger span is negligible in the case of a pantograph moving at 270 km/h. Therefore, it is possible that the static contact wire height can be estimated from the measured contact force with the following equation. 
where y′ 0 (x) is the static displacement of the contact wire at the contact point x; y pan1 (x) ,the pantograph height at x; and f 1 (x), the contact force of the first pantograph respectively. Subscripts LP mean the result of the low-pass filter. Stiff ave is the average value of equivalent stiffness and depends on train speed. It should be noted that this method is based on the premise that the fluctuation of the equivalent stiffness is sufficiently small and the equivalent stiffness constant can be regarded as the constant. Therefore, further study is required for this method to be applied to a simple catenary.
Transfer function method
This section proposes an estimation method that takes into account the fluctuation of the equivalent stiffness of the contact line corresponding to the hanger span interval.
The excitation simulation test of the contact line is executed in advance. The static contact wire height y′ 0 (x) is estimated from the contact force and the height of the first pantograph, i.e. f 1 (x) and y pan1 (x), by using dynamic property of the contact line calculated from the excitation test. The details of the proposed method are described below.
First, excitation of a contact wire whose static height at hanger point is constant is simulated for 10 sec. In this study the excitation points are set on the contact wire at intervals of Δx = 1 m in the 200 m section, and simulation is implemented with a time step of Δt =0.1 msec. The excitation force is a composite signal of DC wave of 1N and random wave with variation from -100 N to 100 N. The effect of the DC component in the excitation force simulates the pantograph uplift force.
By using results of the excitation simulation, the transfer function H ij (w ) from excitation force at the point i to contact wire height at the observation point j can be evaluated as below: 
Y j (w ): Fourier transformation of the contact wire height at observation point j F i (w ): Fourier transformation of the excitation force at excitation point i Simulation conditions in calculating the transfer function are shown in the upper column of Table 2 . The sampling rate of the simulation was 10 kHz and the sampling rate was lowered. For the pantograph moving at 270 km/h, the sampling rate was set to 75 Hz which corresponds to 1 m on spatial resolution. Based on this resampled data, the transfer function was calculated using fast Fourier transform (FFT) of 150 points. The impulse response function h ij (t) was calculated excitation point i and contact wire height observation point j respectively, by computing the inverse fast Fourier transform (IFFT) of the transfer function H ij (w ). When the pantograph is running at velocity v, the predicted value of the contact wire uplift y up1 ′(x) can be calculated by convolution integral method of the first pantograph contact force f 1 (i) at point i and the impulse response function as shown below:
Because the pantograph is moving, the impulse response functions defining the excitation point as the pantograph position are used. The contact force sampling interval Δx was set at 1m and the sampling rate was adjusted to train speed (sampling rate was 75 Hz in the case of 270 km/h train speed). To simplify the complexity of h ij , it is possible to rewrite (3) with an impulse response matrix h as shown below: 
A graphic representation of the calculated impulse response matrix is shown in Fig. 2 . In this figure the origin of the XY axis is the support point which is the start point of estimation area of contact wire height. By preparing an impulse response matrix for each train speed in advance, the uplift of the contact wire can be estimated in the estimation area from (4), based on the measured value of the pantograph contact force of the first pantograph. Using the estimated value of the contact wire uplift y up1 ′(x) and the pantograph height y pan1 (x), it is possible to estimate the static contact wire height y′ 0 (x) with the following equation.
Simulation conditions
The two proposed methods were validated by using simulation data for two pantographs per train set running under a heavy compound catenary at 270 km/h. For the purpose of computing the dynamic characteristics of the overhead contact lines to be used in the transfer function method, the excitation simulation of overhead contact lines was also performed. The tensile forces of the overhead contact lines and simulation conditions are shown in Table 1  and Table 2 , respectively.
Estimation results of static contact wire height by
equivalent stiffness method
Estimation results using simulation data
The precision of the estimated static contact wire height by the equivalent stiffness method proposed in Section 2.1 was verified by simulation, as shown in Fig 3. This is an estimated result at 270 km/h. Based on the contact force, the dynamic displacement of the contact wire and the average value of the equivalent stiffness were calculated as shown in Fig. 1 , and the static contact wire height can be estimated by (1) . In this estimation, a low-pass filter is applied to the contact force and the pantograph height; then the minimum wavelength of the estimated static contact wire height is longer than 7.5 m. Despite uplift of the pantograph, i.e. the difference between the pantograph height and the static contact wire height, being about 35 mm (c.f. Fig. 3 ), the maximum estimation error of the static contact wire height was found to be approximately 4 mm. 
Estimation results using line test data
The static contact wire height on a commercial line was estimated using the same method. The static contact wire height on the commercial line was actually measured by a catenary maintenance vehicle. The contact force of the pantograph running at 270 km/h was also measured by fixing accelerometers and load sensors in the pantograph head. The arrangement of sensors fixed in the pantograph head is shown in Fig. 4 . The inertial force of the pantograph head was measured by the accelerometers and the force applied on the pantograph head from the frame was measured by the strain gages, respectively. The contact force was measured from these forces [2] . It was found that the contact force measured using this method was sufficiently accurate for frequencies below 60 Hz. The pantograph height on the other hand was measured by sensing the angle of the lower frame of the pantograph. Based on these measurement results, the static contact wire height was estimated with (1) for a section of about 1000 m.
The comparison between the estimated static contact wire height with the equivalent stiffness method and the one measured by the maintenance vehicle is shown in Fig.  5 . The line test data were measured for a train running at 270 km/h. The average value of equivalent stiffness, i.e. Stiff ave , in the case where the pantograph was moving at 270 km/h was calculated by the simulation method described in Chapter 3. A low pass filter filtering waves less than 0.03 (1/ m) was applied to the estimated static contact wire height shown in Fig. 5 . From this result, it was found that the estimation static contact wire height coincided sufficiently with the measured height. 
Estimation results using simulation data
The precision of the static contact wire height estimation by the transfer function method described in section 2. Estimated results for case 1, where the static contact wire height is horizontal, are shown in Fig. 6 . These results show that the static contact wire height can be estimated within an accuracy of about 3 mm, when the contact wire is horizontal.
As an example of overhead line non-linearity a case study which examines the non-linearity effect of the hanger slacking was made. The pantograph contact force was calculated by simulation with and without hanger slacking. The static contact wire height was then estimated by using the impulse response matrix computed without the hanger slacking. Estimated results for a case 2 with excessive unevenness in span periods introduced intentionally for the contact wire static height are shown in Fig. 7 . Because of the excessive unevenness of the contact wire height, hanger slacking tends to occur. There is a slight difference between the pantograph contact forces with and without the hanger slacking around the center position along x axis of Fig.7 (b) . The reason of this difference is that when there is slack in the hangers, the uplift of the contact wire increases, and large contact forces are avoided. It was confirmed that the good estimations of static contact wire height can obtained despite hanger slack. It is presumed static contact wire height estimations are almost unaffected sudden changes in the system such as slack occurring in hangers, because the integral convolution is carried out along a long section. 
Estimation results using testing equipment data
By making the pantograph run under an overhead line at 12 km/h and by applying the transfer function method to these test results, the effectiveness of the proposed method was verified. As already pointed out in Section 2.2, the impulse response matrix was calculated. After the excitation simulation of the overhead contact lines was implemented with a 10 kHz sampling rate, the sampling rate was lowered. In the case of a pantograph moving at 12 km/h, the sampling rate was set to 3.3 Hz which corresponds to 1m on spatial resolution. From these re-sampled data, the transfer function was calculated by using FFT of 20 points. The impulse response matrix was then calculated using these data. A graphic representation of the calculated result of the impulse response matrix is shown in Fig. 8 . The contact force was measured with the sensors shown in Fig. 4 , and the pantograph height was measured with a laser displacement sensor. The estimated static contact wire height is shown in Fig. 9 . These figures show the pantograph height, the contact force, the uplift of contact wire and the static contact wire height, respectively. The measured results of the static contact wire height are shown in Fig.  9 (d) which were obtained with a contact-type sensor which includes uplift due to the sensor head. However the influence of this uplift is negligible. It should be noted that the distance points of 50 m, 100 m and 150 m correspond to the support points. Figure 9 shows that it is possible to estimate the static contact wire height within an accuracy of about 4 mm by the proposed method, even at a low speed. 
Conclusions
This paper proposes two methods to estimate the static contact wire height from measured data collected by inspection cars. One is the equivalent stiffness method: the uplift of contact wire due to the pantograph passage is estimated from the contact force and the equivalent stiffness of the overhead contact lines which is assumed to be a constant. The other method is the transfer function method: the uplift of the contact wire due to the passing pantograph is estimated by the contact force and the impulse response (1) The equivalent stiffness method can estimate the static contact wire height from the pantograph height and the contact force. (2) The transfer function method can estimate the static contact wire height from the pantograph height and the pantograph contact force in detail for wave lengths corresponding to a hanger span interval. It was confirmed that the static contact wire height can be estimated within an accuracy of about 4 mm. This method can be used even with hanger slacking.
